Characterization of cation stability. Alkaline stability was evaluated by monitoring 1 H NMR spectroscopy over time (up to 1,000 hours) in a deuterated alkaline solution (1 M NaOD in D 2 O) using a hydrothermal method. For example, 10 mg of Cp * 2 Co + OH − was dissolved in 2.0 ml 1 M NaOD in D 2 O in a thick-walled glass tube, which was then flash-frozen in dry ice, evacuated, flame-sealed, buried in sand in a metal container, and then transferred to an oven. Slight glass dissolution was observed during the test but it did not compromise NaOD or D 2 O in the test solution. Caution: high pressure (3.6 atm est.) may be built up in the tube during the test.
of hydroxide conductivity, water uptake, and IEC, each sample consisted of three replicates (0.5 g per replicate) and the average of the three replicates was reported. The uncertainty was around 5% for IEC and around 10% for both hydroxide conductivity and water uptake. Transmission electron microscopy (TEM) images of membranes were taken on JEM-2010F, JOEL. An ultra-thin membrane sample was prepared by drop casting onto a copper grid, followed by drying at 80 °C for 4 hours. Prior to imaging, the membrane was washed in deionized water and dried for 12 hours at room temperature. Tensile strength of 3 cm x 0.5 cm samples was evaluated with a mechanical analyzer (Model 1211, Instron) at a cross-head speed of 10 mm/min at room temperature.
Characterization of membrane stability. Thermogravimetric analysis (TGA) was conducted using a thermogravimetric/differential thermal analyzer (TGA/DSC 1, Mettler Toledo) under nitrogen with a flow rate of 100 ml/min. The sample was held at 100 °C for 10 min to completely remove water and then heated to 700 °C at a ramp rate of 10 °C/min. A derivative thermogravimetric (DTG) curve was obtained from the first derivative of the TGA curve with respect to temperature. Alkaline stability was evaluated by monitoring ion-exchange capacity over time (up to 2,000 hours) in alkaline solutions (1 M KOH at 80 °C or 100 °C). Each sample consisted of three replicates (0.5 g per replicate) and the average of the three replicates was reported. Specifically, 0.5 g membrane sample was completely immersed into 100 ml alkaline solution in a plastic bottle that was tightlysealed to prevent water evaporation or CO 2 contamination. The plastic bottle was buried in sand in a metal container to maintain uniform temperature and to avoid isolation from environmental fluctuations, and then the metal container was placed in an oven. Caution: high pressure (1 atm est.) may be built up in the vial during the test at 100 °C.
Supplementary
Tables (S1-S3) [a] Initial base concentration, where the base solution was prepared by dissolving a certain amount of pure base in deionized water.
[b] Measured with a calibrated pH meter.
[c] Calculated from pH. suggesting tert-butyl alcohol as the degraded product. However, the detailed degradation mechanism is still not understood for now and will be studied in the future. The degree of degradation (DD) can be calculated by the equation: DD = [(A2+A3)/(A1+A2+A3)] × 100%, where A1, A2, and A3 are the integrals of peaks at 93.6 ppm, 69.5 ppm, and 30.3 ppm, respectively. The results showed that 8.5% of the Cp * 2 Co + degraded in 1,000 hours.
Fig. S3
. 13 . S2 . The concentration of Cp * 2 Co + OH − was diluted to 10 ppm before measurement with a UV-Vis spectrophotometer (JASCO V-550, Ubest). Before the test, Cp * 2 Co + shows absorption peaks at 300 nm (strong), 340 nm (shoulder), and 410 nm (weak bond), which are induced by the ground-excitation transition of π electrons in the aromatic rings.(4) After the test, the positions and relative intensities of these three characteristic peaks remained almost the same, indicating that Cp * 2 Co + retained integrity, in agreement with the 13 C NMR spectroscopy results. (Br-Cp * 2 Co + PF 6 − ). CDCl 3 was used as solvent for both cases (7.26 ppm, labeled "*"). Before bromination, there is only one strong peak at 1.74 ppm (methyl protons). After bromination, a new peak appears at 4.10 ppm (bromomethyl protons). Note that a few small peaks near 4.10 ppm are also from bromomethyl protons; this change in chemical shift is likely caused by ring rotation (5) . These results are consistent with the 13 C NMR spectroscopy results (Fig. S12) where A1 and A2 are the integral of peak 1 and the sum of the integrals of peaks 2−10, respectively. characteristic peaks for ring (93.0 ppm) and methyl carbons (6.6 ppm). After bromination, a new peak for the bromomethyl carbon appears (23.6 ppm), perturbing both nearby ring and methyl carbons but leaving them at essentially the same chemical shifts. Similar perturbation is also observed in 1 H (Fig.  S8) and 19 F (Fig. S9 ) NMR spectroscopy. These results are consistent with 1 H NMR spectroscopy ( Fig.  S8) and mass spectroscopy (Fig. S13) as further confirmation. . A Waters GCT Premier high-resolution time-of-flight mass spectrometer with liquid injection field desorption ionization (LIFDI) was used. The analyte was applied to the filament in dichloromethane, which was allowed to evaporate before ramping to a 12K voltage field. The sample was ionized at 30 mA. Cp * 2 Co + PF 6 − showed a peak at m/z = 329.17, matching the expected value of 329.39; after bromination, Br-Cp * 2 Co + PF 6 − showed a peak at m/z = 407−410, matching the expected value of 408.29. The small variation peak position is due to the existence of heavier isotopes, particularly for Br after bromination. These results are consistent with 1 H (Fig. S8 ) and 13 C (Fig. S12 ) NMR spectroscopy results. No sign of multiple bromination was detected. (Fig. S12) . . S15 ) of hexamethylene bridge had also no substantial change during the stability test, suggesting unchanged linkers between PSf backbone and permethyl cobaltocenium groups. Note: although Cp 2 Co + functional groups remained almost unchanged, there are some signs of PSf backbone's degradation. One peak at 42.9 ppm (−C(CH 3 ) 2 − in PSf) before stability test moved to 72.0 ppm after stability test, suggesting the formation of −C(CH 3 ) 2 OH group; Another peak at 170.0 ppm (alpha-C of aromatic ether in PSf) before stability test moved to 186.1 ppm after stability test, suggesting the formation of quinone group (alpha-C). The shifts of the two peaks can result from PSf backbone scission, which provides insights into the loss of membrane performance. Basically, the post-stability solid-state 13 C NMR spectroscopy analysis is in agreement with the post-stability IEC results. Table S3 . Note that a test duration of at least 24 hours was required for inclusion. Caution is needed in comparing the stability of hydroxide-exchange membranes with different cations and backbones, because both cation and backbone have impacts on alkaline stability of the membrane. ] × 100%, where A1 and A0 are the integrals of the methyl peak (1.76 ppm) and the internal standard peak (0 ppm), respectively. Subscripts "i" and "f" represent before and after the test, respectively. The results show a degree of H-D exchange of 78%. ] × 100%, where A1 and A0 are the integrals of the ring peak (5.83 ppm) and the internal standard peak (0 ppm), respectively. Subscripts "i" and "f" represent before and after the test, respectively. The results show a degree of H-D exchange of 29%.
